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m6A demethylase FTO regulate CTNNB1 
to promote adipogenesis of chicken 
preadipocyte
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Abstract 

Background: N6-methyladenosine  (m6A) is an abundant post-transcriptional RNA modification that affects various 
biological processes. The fat mass and obesity-associated (FTO) protein, a demethylase encoded by the FTO gene, 
has been found to regulate adipocyte development in an  m6A-dependent manner in multiple species. However, the 
effects of the  m6A methylation and FTO demethylation functions on chicken adipogenesis remain unclear. This study 
aims to explore the association between  m6A modification and chicken adipogenesis and the underlying mechanism 
by which FTO affects chicken preadipocyte development.

Results: The association between  m6A modification and chicken lipogenesis was assessed by treating chicken pread-
ipocytes with different doses of methyl donor betaine and methylation inhibitor cycloleucine. The results showed 
that betaine significantly increased methylation levels and inhibited lipogenesis, and the inverse effect was found in 
preadipocytes after cycloleucine treatment. Overexpression of FTO significantly inhibited  m6A levels and promoted 
proliferation and differentiation of chicken preadipocytes. Silencing FTO showed opposite results. Mechanistically, FTO 
overexpression increased the expression of catenin beta 1 (CTNNB1) by improving RNA stability in an  m6A-dependent 
manner, and we proved that FTO could directly target CTNNB1. Furthermore, CTNNB1 may be a positive regulator of 
adipogenesis in chicken preadipocytes.

Conclusions: m6A methylation of RNA was negatively associated with adipogenesis of chicken preadipocytes. FTO 
could regulate CTNNB1 expression in a demethylation manner to promote lipogenesis.
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Background
The prevalence of obesity has increased rapidly world-
wide in recent years. Being overweight can lead to 
severe physical and psychological health problems, such 
as diabetes, cardiovascular disease and certain cancers 
[1]. Obesity even increases the risk of severe illness in 
patients with COVID-19 [2]. The association of obesity 

with different diseases makes it a growing public health 
issue [3].

After long-term genetic selection, commercial broil-
ers with a faster growth rate were used for intensive pro-
duction [4]. The mass of fat deposited accompanies the 
growth rate of the broiler, so excessive fat deposit usu-
ally occurs in the modern poultry industry [5]. Excessive 
fat deposition reduces feed efficiency and carcass nutri-
tional value, increases farming costs and even affects 
consumer health. Reducing excess fat deposition has 
become an urgent problem in broiler production. Nota-
bly, due to their natural hyperglycemia and insulin resist-
ance, chickens are often considered an ideal experimental 
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animal model for the study of type 2 diabetes and obesity 
[6]. Therefore, studies on the regulatory mechanism of 
chicken fat deposition can provide some new insights for 
human biomedicine.

Adipogenesis is a complex process that involves the 
commitment of mesenchymal stem cells, the proliferation 
of preadipocytes, and the accumulation of lipid droplets 
within adipocytes [7]. The widely studied transcription 
factors CCAAT enhancer-binding proteins (C/EBPs), per-
oxisome proliferator-activated receptor-γ (PPARγ) and 
sterol regulatory element binding transcription factor 1 
(SREBF1) are necessary for adipocyte development [8]. 
The expansion of adipose tissue is influenced by genetic, 
nutritional, and environmental factors [4]. Epigenetic 
regulation is also involved in various stages of adipo-
genesis [9].  m6A is the most common post-translational 
modification on eukaryotic RNA, widely present in tRNA, 
rRNA, mRNA, and non-coding RNA, accounting for 
more than 60% of all RNA modifications [10]. Currently, 
 m6A has been shown to affect multiple processes such as 
mRNA splicing, export, translation, and degradation [11]. 
Methyltransferases (Writers), demethylases (Erasers), 
and methylated readers (Readers) are responsible for the 
addition, removal, and recognition of  m6A modifications, 
respectively. Writers mainly include methyltransferase-
like 3 (METTL3) and METTL14, and Wilms tumor 1 
associated protein (WTAP). Erasers are mainly composed 
of FTO and AlkB homolog 5 (ALKBH5).  m6A reader 
proteins mainly consist of YT521B homology families 
(YTHDF1/2/3), YTH domain families (YTHDC1/2), and 
IGF2BP protein family (IGF2BP1/2/3) [12]. The specific 
motif-containing RRACH (R = A or G; H = A, C or U) 
site was the main base sequence on RNA that acted with 
methyltransferase complex. Three  m6A-related proteins, 
FTO, METTL3 and YTHDF2, have all been reported to 
be involved in adipogenesis [13, 14].

Genome-wide associated studies (GWAS) showed that 
genetic variants of the FTO gene were associated with 
obesity in multiple populations [15–17]. The association 
of FTO’s sequence variation with chicken fat mass and 
weight was also confirmed in our previous studies [18]. 
FTO ablation resulted in a reduction in fat mass and 
body weight [19, 20], and FTO overexpression increased 
food intake and fatness in mice [21]. In 2011, Prof. He 
Chuan’s team first found that the knockout of FTO in 
human cells led to an increase in the global  m6A level of 
mRNA [22]. FTO was found to regulate rodent adipogen-
esis by affecting alternative splicing of mRNA [23], RNA 
stability [24], and degradation [25] in an  m6A-dependent 
manner. However, the regulatory role of FTO on chicken 
adipogenesis remains largely unknown.

This study investigated whether  m6A modification 
regulates adipogenesis of chicken preadipocytes. Betaine 

and cycloleucine were added to chicken preadipocytes, 
and the results showed that the global  m6A modifica-
tion level was negatively correctly with adipogenesis of 
chicken preadipocytes. FTO overexpression markedly 
promoted the proliferation and differentiation ability of 
chicken preadipocytes. FTO directly targeted CTNNB1 
transcripts in an  m6A-demethylation manner to regulate 
its mRNA expression, thereby affecting lipogenesis. The 
current study will provide new insights into the preven-
tion and treatment of chicken excessive fat deposition.

Methods
Cell culture, differentiation and transfection
Immortalized chicken preadipocytes (ICP) were gifted 
from the Hui Li’s lab of the College of Animal Science 
and Technology, Northeast Agricultural University. 
ICP cell was cultured in DMEM/F12 medium (Gibco, 
CA, United States) supplemented with 15% fetal bovine 
serum (Gibco, CA, United States) and 1% penicil-
lin–streptomycin (Gibco, CA, United States) at 37 ℃ 
with 5%  CO2. When the cell density reached 80%–90%, 
cells were digested and passaged with 0.25% trypsin 
(Gibco, CA, United States); and when the cell reached 
about 95%–100% confluency for adipocyte differentia-
tion, the growth medium was replaced with a differen-
tiation medium (DMEM/F12 medium, 15% fetal bovine 
serum, 1% penicillin–streptomycin, and 160  μmol/L 
sodium oleate (Merck, NJ, United States). Lipofectamine 
3000 (Thermo Fisher, MA, United States) was used for 
the transfection of plasmids and oligonucleotides accord-
ing to the instructions.

Plasmid construction and oligonucleotides synthesis
FTO and CTNNB1 sequence information were obtained 
from the NCBI website (the accessing number: 
NC_052542.1 and NC_052533.1). Specific primers were 
designed using oligo7 software (version 7.56, Molecular 
Biology Insights, US) and synthesized by Beijing Tsingke 
Biotechnology Co., Ltd. The full-length sequence of 
FTO and CTNNB1 were amplified using high-fidelity 
enzymes (TransGen, Beijing, China) and ligated into 
the pcDNA3.1 or pcDNA3.1 3 × Flag-C vector (Yuo-
Bio, Changsha, China). Shanghai GenePharma Co., Ltd. 
provided the design and synthesis of siRNA. The primer 
information and oligonucleotide were shown in (Addi-
tional file 1: Table S1 and Table S2).

RNA extraction and quantitative real‑time PCR
According to the instructions, total RNA was extracted 
and purified using Trizol Reagent (Accurate Biology, 
Wuhan, China). RNA concentration and integrity were 
determined using NanoDrop one spectrophotom-
eter. MonScript™ RTIII All-in-One Mix with dsDNase 
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(Monad, Shanghai, China) kit used for cDNA transcrip-
tion. Real-time quantitative PCR (qPCR) assay was per-
formed using ChamQ Universal SYBR qPCR Master 
Mix (Vazyme, Nanjing, China). The reaction system is 1 
μL cDNA, 5 μL ChamQ Universal SYBR qPCR Master 
Mix, 0.3 μL upstream and downstream primers, and 3.4 
μL  ddH2O. The reaction mixture was run at the follow-
ing program: 95 °C, 3 min; (95 °C, 20 s; 58 ℃, 30 s) for 40 
cycles; dissolution curve: 55 °C warm up to 95 °C, collect 
signal every 0.5  °C. According to the  2−ΔΔCt algorithm, 
the relative expression level was calculated, in which 
β-actin was used for internal reference. qPCR primers 
were designed using oligo7 software (Additional file  1: 
Table S1 for primers).

Phylogenetic tree construction and protein functional 
domain analysis
Amino acid sequences of FTO in different species were 
acquired using the NCBI database. These accessing numbers 
were as follows: NP_001172076.1 (chicken), NP_001073901.1 
(human), NP_036066.2 (mouse), NP_001034802.1 (Nor-
way rat), NP_001106162.1 (pig), NP_001091611.1 (cattle), 
XP_014981634.1 (rhesus monkey), XP_027322973.1 (mal-
lard), NP_001098401.1 (sheep), XP_019475299.1 (turkey), 
and XP_015729304.1 (quail). A phylogenetic tree was drawn 
by the Neighbor-joining statistical method and Bootstrap 
detection method using MEGA software (version 11; availa-
ble at: http:// www. megas oftwa re. net). The identification and 
annotation of the FTO protein domain were analyzed using 
an online tool called SMART (simple modular architecture 
research tool; available at: http:// smart. embl- heide lberg. de/).

Western blotting
Cell protein extraction was performed according to the 
instructions of the RIPA buffer (Beyotime, Shanghai, 
China). Briefly, cells were washed once with pre-cold 
PBS buffer and lysed on ice for 30 min using RIPA buffer 
pre-added with PMSF (Beyotime, Shanghai, China). The 
lysate supernatant was collected by centrifugation at 
12,000 × g at 4  °C for 10 min. SDS-PAGE sample load-
ing buffer (Beyotime, Shanghai, China) was added to 
supernatant for protein denaturation in a preset metal 
water bath of 95 °C. The proteins were separated by SDS-
PAGE gel and transferred to the PVDF membrane using 
the wet transfer method. The membrane was blocked in 
5% skim milk powder solution for 1  h. The diluted pri-
mary antibody solution was incubated with PVDF mem-
brane overnight at 4 °C. The membrane was then washed 
three times with TBST for 5 min. The PVDF membrane 
was incubated in the secondary antibody solution for 
1 h at room temperature, after which the membrane was 
washed three times with TBST for 5  min. PVDF mem-
branes were incubated in ECL substrate solution for 

5 min and exposed and imaged using the Odyssey-Fc sys-
tem (Licon, Germany). Antibody information was shown 
as follows: rabbit anti-FTO (Novus, CO, United States), 
rabbit anti-Flag (Proteintech, Wuhan, China), rabbit anti-
PPARγ (Bioss, Beijing, China), rabbit anti-C/EBPβ (Bioss, 
Beijing, China), rabbit anti-β-catenin (Bioss, Beijing, 
China), mouse anti-GAPDH (Bioss, Beijing, China), goat 
anti-rabbit IgG H&L antibody (Bioss, Beijing, China), 
goat anti-mouse IgG H&L antibody (Bioss, Beijing, 
China).

RNA dot blot
Total RNA was denatured at 95  °C for 3  min and then 
immediately placed on ice to prevent RNA secondary 
structure re-formation. The denatured RNA was dropped 
on the positively charged nylon membrane, and the RNA 
was cross-linked to the nylon membrane using a UV 
cross-linker (2000  J for 1  min). Wash the nylon mem-
brane once with TBST for 5  min. Afterward, the meth-
ylation level was detected by the specific  m6A antibody 
(CST, MA, United States) according to the western blot 
method. The nylon membrane was transferred to a dish 
containing methylene blue staining buffer, and incubated 
for 30 min with gentle shaking. Tap water is used to rinse 
the membrane until the background is clean. The images 
were inquired using Tanon 2500 Gel Image Analysis Sys-
tem (Tanon, Shanghai, China).

Cell counting Kit 8 (CCK‑8) assay
The CCK8 reagent (Beyotime, Shanghai, China) was 
used to detect cell proliferation. Cells in the exponential 
growth phase were seeded in 96-well plates at a density of 
1 ×  103. Transfection was performed when the cell den-
sity reached 60%–70%, and cell proliferation was detected 
12, 24, 36, and 48 h after transfection. Before detection, 
10 μL of CCK8 reagent was added to each well, and after 
incubation at 37  °C for 1.5 h, the absorbance at 450 nm 
wavelength was detected using a Model 680 Microplate 
Reader (Bio-Rad, CA, United States).

5‑Ethynyl‑2’‑deoxyuridine (EdU) assay and flow cytometry 
EdU assay
The EdU assay was performed according to the instruc-
tions of the Cell-Light EdU Apollo488 In Vitro Kit (Ribo-
Bio, Guangzhou, China). Briefly, the transfected cells 
were incubated with 10  μmol/L EdU solution for 2  h. 
The 4% paraformaldehyde solution was used to fix cells 
for 30  min, and then the cells were permeabilized with 
0.5% Triton X-100 solution for 30 min. Subsequently, the 
cells were incubated with Apollo reaction solution for 
30 min in the dark. Finally, the cells were washed three 
times with PBS buffer containing 0.5% Triton X-100 solu-
tion for 10  min and incubated with Hoechst reaction 
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buffer for 30  min. The images were acquired and ana-
lyzed using fluorescence microscope DMi8 (Leica, Wet-
zlar, Germany) and image J software (National Institutes 
of Health). The flow cytometry EDU assay is similar to 
those described above, except that cells are collected and 
resuspended in tubes for subsequent fixation and stain-
ing. Finally, the fluorescently stained cells were analyzed 
by flow cytometry (BD, NJ, United States).

Oil red O staining
The adipogenic differentiated cells were washed twice 
with PBS buffer and then fixed in 10% formalin for 1 h. 
Next, the fixed cells were washed twice with water, rinsed 
with 60% isopropanol for 5  min, and dried completely 
at RT. The cells were stained with an Oil red O working 
solution for 10  min and afterward washed four times 
with water. The images were acquired under the micro-
scope DMi8 for analysis. Oil red O dye was eluted 2–5 
times with 100% isopropanol to ensure that all Oil red O 
dye was in the solution. The solution was transferred to 
96-well plates. The OD values at 500  nm were detected 
using a Fluorescence/Multi-Detection Microplate Reader 
(BioTek, Winooski, VT, USA). The results of the oil red 
extraction assay were normalized using total protein con-
tent in adjacent wells with the same treatment.

Nile red staining
In brief, adipogenic differentiated cells were washed 
twice with PBS solution and fixed with 4% paraformalde-
hyde for 30 min, then washed twice with PBS. The cells 
were stained with Nile red solution (Beyotime, Shang-
hai, China) for 10 min in the dark, and after that, DAPI 
solution (Beyotime, Shanghai, China) was used to stain 
for 2 min under dark conditions. Fluorescent images 
were obtained using fluorescence microscope DMi8. The 
fluorescence intensity and the number of nuclei were 
analyzed using Image J software. The results were nor-
malized using the ratio of fluorescence intensity of Nile 
red to the number of nuclei of DAPI.

Single‑base elongation and ligation‑based PCR 
amplification method (SELECT)
The SELECT method was the previously described [26]. 
Briefly, total RNA was mixed with 40  nmol/L upstream 
primer, 40 nmol/L downstream primer, 5 µmol/L dNTP, 
and 1.7 μL 10 × CutSmart buffer into a total reaction 
solution of 17 μL. The RNA and primers were annealed 
as the following procedure: 90 ℃ for 1  min, 80 ℃ for 
1 min, 70 ℃ for 1 min, 60 ℃ for 1 min, 50 ℃ for 1 min, 40 
℃ for 6 min. Subsequently, the first step reaction solution 
added 3 μL of a mixture consisting of 0.01 U Bst 2.0 DNA 
polymerase, 0.5 U SplintR ligase, and 10  nmol/L ATP. 
The single base ligation procedure is 40 ℃ for 20  min 

and 80 ℃ for 20 min. Finally, CT values were then com-
pared using real-time PCR as described above. Specific 
upstream and downstream primers were synthesized 
based on  m6A predicted sites (Additional file 1: Table S3 
for SELECT primers).

Methylated RNA immunoprecipitation assay
A total amount of 5  μg of RNA was incubated with 
RNA fragmentation buffer (100  mmol/L Tris–HCl, 
100 mmol/L  ZnCl2) in a thermal cycler at 70 °C for 5 min 
and fragmented into about 200 nt in size.  m6A antibody 
(CST, MA, United States) was incubated with pre-washed 
protein A/G magnetic beads (MCE, Shanghai, China) 
overnight at 4  °C. The magnetic bead-antibody mix-
ture was separated and adsorbed to the side of the tube 
using a magnetic separation rack and washed twice with 
IP buffer (20  mmol/L Tris–HCl pH = 7.5, 150  mmol/L 
NaCl, 1.5 mmol/L  MgCl2, 10% glycerin, 0.5% NP40, 0.5% 
Triton-X100). The mixture was resuspended in 500 μL of 
reaction solution (fragmented RNA, 100 μL 10 × IP buffer, 
and 400 U/μL RNase inhibitor) and incubated at 4 °C for 
6–8  h. The magnetic bead-antibody RNA mixture was 
washed twice in IP buffer, then twice in low-salt solu-
tion (50  mmol/L NaCl, 10  mmol/L Tris–HCl pH = 7.5, 
0.1% NP40), and twice in high-salt solution (500 mmol/L 
NaCl, 10 mmol/L Tris–HCl pH = 7.5, 0.1% NP40) at 4 ℃ 
for 5  min each. The  m6A-enriched RNA was eluted and 
purified using the RNeasy MinElute Cleanup Kit (Qiagen, 
Hilden, Germany). Real-time PCR was used to assess the 
methylation level of the specific site.

RNA‑binding protein immunoprecipitation assay
Approximately 4 ×  107 cells are required for the total 
number of cells. Cells were washed once with pre-chilled 
PBS buffer and collected by cell scrapers into 50  mL 
RNase-free centrifuge tubes. The cell pellets were re-
suspended and lysed with IP buffer containing PMSF 
and RNase inhibitor for 30 min on ice. The lysate super-
natants were collected by centrifugation at 12,000 × g at 
4  °C for 10  min. The protein A/G magnetic beads were 
incubated with an IP antibody (the dilution ratio is 100:1) 
overnight at 4 ℃. The lysates were incubated magnetic-
antibody mixture for 6  h at 4 ℃. The reaction mixtures 
were centrifugated at 3000 r/min at 4  °C for 2 min. The 
supernatants were discarded, and then magnetic beads 
were washed 5 times with IP buffer. The magnetic beads 
were incubated with proteinase K-containing eluent in a 
metal water bath at 55  °C for 45 min. The supernatants 
were collected by centrifugation at 3000 r/min at 4 °C for 
5 min. The RNA in supernatants was eluted and purified 
using the RNeasy MinElute Cleanup Kit (Qiagen, Hilden, 
Germany). Finally, the interaction between RNA and pro-
tein was determined using real-time PCR.
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RNA stability assay
The transfected cells were treated with actinomycin 
D (5  μg/mL) (MCE, shanghai, China). Total RNA was 
extracted at 0, 3, and 6  h to assess mRNA degradation 
with qPCR.

Statistical analysis
GraphPad Prism 8.0 software (San Diego, CA, USA) was 
used for all image drawing and statistical analysis. Dif-
ferences between two groups were analyzed using an 
unpaired two-tailed Student’s t-test. ANVOA (analysis 
of variance) was used to evaluate differences between 
multiple groups and followed by Tukey’s multiple com-
parisons test. Results were statistically significant when 
the P-value was less than 0.05. Data were expressed as 
mean ± standard error of the mean (SEM).

Results
Effects of global RNA  m6A modification levels 
on the development of chicken preadipocytes
The formation of  m6A on RNA refers to the addition 
of S-adenosylmethionine (SAM), the major methyla-
tion donor, to the sixth nitrogen atom of adenine under 
the catalysis of the methyltransferase complex. Betaine 
is a major methyl donor for organic biomolecules and 
increases cellular SAM levels [27]. Cycloleucine is a com-
petitive inhibitor of S-adenosylmethionine transferase. 
This study first investigated the effects of betaine and 
cycloleucine on RNA  m6A modification, proliferation and 
differentiation of chicken preadipocytes. RNA dot blot is 
a straightforward method to detect global RNA methyla-
tion levels. The results showed that betaine significantly 
increased the  m6A level in chicken preadipocytes, while 
cycloleucine treatment inhibited RNA  m6A methyla-
tion (Fig.  1A, B). The CCK8 assay was used to evaluate 
the proliferation status of the cell. There was no differ-
ence in the proliferation state of cells treated with differ-
ent concentrations of betaine in different periods, except 
for the high concentration of 32 mmol/L (Fig. 1C). How-
ever, cycloleucine inhibited cell proliferation in a dose-
dependent manner, cells treated with high concentration 
160  mmol/L cycloleucine did not proliferate, and subse-
quent proliferation assays removed this concentration 
group. (Fig.  1D). The proliferation status of cells treated 
with the two chemicals for 24 h was then analyzed using 
flow EdU assay and RT-PCR. The specific effects of dif-
ferent doses of betaine treatment on the proliferation 
rates and expression level of proliferation-related genes 
are similar, and the overall effects were inhibited, and 
4  mmol/L of betaine significantly inhibited proliferation 
status and the expression level of cyclin D1 (CCND1), 
cyclin D2 (CCND2) and proliferating cell nuclear antigen 

(PCNA) mRNA (Fig.  1E, F; Additional  file 1: Fig. S1A). 
The flow cytometry EdU assay results were consistent 
with the CCK8 assay in different concentrations of cyclo-
leucine treatment groups (Fig.  1G; Additional file  1: Fig. 
S1B). For RT-PCR results of proliferation genes, it was 
found that, except for CCND1, the expression results of 
others were consistent with those in the cell prolifera-
tion test (Fig. 1H). The effect of different concentrations 
of betaine and cycloleucine on the differentiation ability 
of chicken adipocytes was then examined. The mRNA 
expressions of adipogenic differentiation-related genes 
PPARγ, c/EBPα and c/EBPβ were decreased consider-
ably treated with different doses of betaine (Fig. 1I), and 
betaine significantly reduced the protein expression level 
of PPARγ, an essential gene for adipogenicity (Fig.  1J). 
Oil red O and Nile red staining results also indicated that 
betaine reduced fat deposition in chicken preadipocytes 
(Fig.  1K; Additional file  1: Fig. S1C, S2A). On the con-
trary, the addition of cycloleucine significantly promoted 
the mRNA expression of critical genes in adipogenicity 
(Fig. 1L), and the protein expression of PPARγ also signifi-
cantly increased (Fig. 1M). The lipid accumulation in dif-
ferent concentrations of the cycloleucine treatment group 
also increased compared with the control group (Fig. 1N; 
Additional file 1: Fig. S1D, S2B).

Bioinformatics analysis of chicken FTO and its 
demethylation effect in chicken preadipocytes
The underlying mechanisms by which FTO regulates 
chicken preadipocyte development via demethylation are 
poorly understood. In this study, we first investigated and 
analyzed the homology of FTO proteins. A phylogenetic 
tree of the FTO gene was constructed using Mega 11.0 
software (Fig.  2A). The results showed that the closest 
relative to the chicken is the turkey, and chicken is rela-
tively distantly related to humans and mice, two species 
with proven FTO demethylation effects on adipocytes. 
Protein domains of 11 species were identified and ana-
lyzed using the SMART online tool. The FTO_NTD 
protein domain was present in all species selected for 
analysis (Fig.  2B). This domain is a catalytic AlkB-like 
domain from the FTO protein with demethylase activity. 
Next, overexpression plasmid and siRNA of FTO were 
constructed and transfected in preadipocytes to deter-
mine the effect of  m6A modification of FTO in chicken. 
The qPCR results showed that the effects of overexpres-
sion and knockdown had reached a significant level 
(Fig.  2C). The protein level of FTO was similar to the 
qPCR results (Fig. 2D). The dot blot results showed that 
ectopic expression of FTO significantly reduced RNA 
 m6A modification level. In contrast, the knockdown of 
FTO showed the opposite effect (Fig. 2E).
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FTO promote proliferation of chicken preadipocytes 
in vitro
To evaluate the role of FTO on the proliferation of 
chicken preadipocytes, FTO was overexpressed and 
knocked down by transfection of pcDNA3.1-FTO and 
siRNA, respectively. The CCK8 assay was used to detect 
the proliferation status of the cell at different times after 
transfection. The results showed that the number of 
viable cells significantly increased when FTO was over-
expressed in preadipocytes (Fig.  3A), whereas knock-
down of FTO significantly inhibited the cell proliferation 
ability (Fig.  3B). The qPCR analyses showed that these 
preadipocytes showed increased expression of CCND1, 
CCND2, Cyclin B2 (CCNB2), and PCNA in the FTO-
overexpression conditions (Fig. 3C). The mRNA expres-
sion level of these proliferation-related genes was lower 
in FTO knockdown than in the control group (Fig. 3D). 
EdU assay also was used to detect and quantify cell pro-
liferation. The results showed that the proliferation rate 
was significantly increased when FTO overexpression 
(Fig.  3E, F), whereas knockdown of FTO dramatically 
attenuated the proliferation rate (Fig. 3G, H).

FTO regulate adipogenesis of chicken preadipocytes 
in vitro
To determine the adipogenic capacity of FTO, we next 
examined the transcriptional and protein expression 
levels of adipogenesis-related genes after adipogenic 
induction. Transfection of FTO overexpression plasmid 
significantly promoted the expression of C/EBPα, C/
EBPβ, and PPARγ, three critical genes that are important 
for regulating adipogenesis (Fig. 4A), and overexpression 
of FTO led to a significant upregulation of both PPARγ 
and C/EBPβ protein level (Fig.  4B). In contrast, the 
mRNA expression levels of C/EBPα, C/EBPβ, and PPARγ 
were significantly suppressed in FTO knockdown cells 
compared with that control (Fig. 4C), and similar changes 

in protein expression levels were also found (Fig.  4D). 
The lipid content was visualized and quantified using 
Oil red O staining and a spectrophotometer. There were 
more Oil red O positive cells after adipogenic induction 
in FTO overexpression preadipocytes, and the value of 
absorbance also showed more significant triglyceride 
accumulation than controls (Fig. 4E). Knockdown of FTO 
showed lower lipid droplet formation than the control 
group (Fig. 4F).

FTO mediated the demethylation of CTNNB1
The protein β-catenin encoded by the CTNNB1 gene 
is a crucial regulator of the canonical wnt/β-catenin 
signaling pathway regulating adipocyte develop-
ment. To further assess the potential role of CTNNB1 
in FTO-regulated chicken obesity development, 
we examined the expression of CTNNB1 in FTO-
overexpressed and knockdown chicken preadipo-
cytes. CTNNB1 expression was significantly higher 
in preadipocytes overexpressing FTO than in con-
trols, and knockdown of FTO significantly decreased 
CTNNB1 expression (Fig. 5A, B). Moreover, we exam-
ined the expression profile of FTO and CTNNB1 dur-
ing chicken preadipocyte differentiation process and 
found that the expression patterns of the two were 
positively correlated (Fig.  5C). To further explore 
whether FTO regulates changes in CTNNB1 expres-
sion levels in a demethylation-dependent manner, we 
next predicted and analyzed all possible  m6A modifi-
cation sites in the mature CTNNB1 mRNA sequence 
by the online tool SRAMP [28] and previous reports 
[29] (Additional file 1: Table S4). Site 420 in the cod-
ing region and 2816 in the 3’-UTR area were identi-
fied as candidate methylation sites (Fig.  5D). Next, 
we analyzed the probability of interaction between 
FTO protein and mature CTNNB1 mRNA sequence 
using online RNA–protein interaction prediction 

(See figure on next page.)
Fig. 1 Betaine and cycloleucine supplementation affect global  m6A levels and lipogenesis in chicken preadipocytes. A and B Detection of 
RNA  m6A levels in chicken preadipocyte supplement with betaine and cycloleucine by RNA dot blot and methylene blue staining; C and D Cell 
proliferation rate by CCK8 treated with different doses of betaine and cycloleucine; E Cell proliferation analysis by flow cytometry EdU assay for 
betaine treatment; F The relative mRNA expression of proliferation-related genes of betaine treatment was detected in chicken preadipocyte; G 
Cell proliferation analysis by flow cytometry EdU assay for cycloleucine treatment; H The relative mRNA expression of proliferation-related genes 
of cycloleucine treatment was detected in chicken preadipocyte using qPCR; I The relative mRNA expression of adipogenic differentiation genes 
of betaine treatment was detected in chicken preadipocytes using qPCR; J The relative protein expression of PPARγ was detected by western blot 
in chicken preadipocytes treated with betaine; K The quantification of lipid droplet in chicken preadipocytes treated with different concentrations 
betaine; L The relative mRNA expression level of adipogenic differentiation genes of cycloleucine treatment was detected in chicken preadipocytes 
using qPCR; M The relative protein expression of PPARγ was detected by western blot in chicken preadipocytes treated with cycloleucine; N 
The quantification of lipid droplet in chicken preadipocytes treated with different concentrations betaine. The results of all groups are shown as 
mean ± SEM of at least three biological replicates. Statistical significances were assessed using one-way analysis of variance (ANOVA), followed by 
Tukey’s multiple comparisons test. Groups marked with the same letter were considered to have no significant difference, and those without the 
same letter were significantly different
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(RPISeq) [30] and protein-RNA interaction predictor 
(PRIdictor) [31]. These bioinformatic analyses indi-
cated that both had a positive binding ability (Table 1; 
Additional file 1: Fig. S3). We performed further vali-
dation using the SELECT method to confirm the pos-
sible association between changes in site-specific  m6A 

modification level of CTNNB1 and FTO protein. The 
N-site at 6 bases upstream of the predicted site was 
set as a negative control. qPCR results showed that the 
 m6A modification levels at sites 420 and 2816 were sig-
nificantly reduced in FTO-overexpression cells com-
pared with the controls, and no significant difference 

Fig. 1 (See legend on previous page.)
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was observed in the amplification of sites 414 and 
2810 (Fig.  5E, F). The opposite effect was found in 
FTO knockdown preadipocytes (Additional file 1: Fig. 
S4). We next transferred the pcDNA3.1-FTO 3 × Flag-
C vector into chicken preadipocytes and then per-
formed a RIP assay to confirm the interaction between 
FTO and CTNNB1. The results showed that CTNNB1 
could be pulled down by the Flag antibody (Fig.  5G). 
MeRIP-qPCR analysis also demonstrated that the  m6A 
level of CTNNB1 at sites 420 and 2816 was decreased 
in FTO-overexpression preadipocytes (Fig.  5H). The 
stability of CTNNB1 was assessed after actinomycin D 
treatment in FTO overexpression preadipocytes. The 

results showed that decreased  m6A methylation level 
could increase CTNNB1 stability (Fig. 5I).

CTNNB1 promotes lipid accumulation of chicken 
preadipocytes
To explore the effects of CTNNB1 on the development 
of chicken preadipocytes, overexpression plasmid and 
CTNNB1 siRNA were constructed and synthesized. 
RT-PCR assay quantified the relative mRNA expression 
level of CTNNB1 after transfection. The results showed 
that the overexpression and inhibitory effect of CTNNB1 
reached a significant level (Fig.  6A, B). Western blot 
results also showed that β-catenin protein was signifi-
cantly promoted and inhibited in chicken preadipocytes 

Fig. 2 Bioinformation analysis and demethylation effects of chicken FTO gene. A Phylogenetic tree of the FTO; B Analysis and annotation of 
FTO protein domains among different species; C and D The relative mRNA and protein expression of FTO were detected after transfer with 
pcDNA3.1-FTO and siRNA in chicken preadipocytes using RT-PCR and western blotting; E RNA  m6A levels in chicken preadipocytes were detected 
after transfection of pcDNA3.1-FTO and siRNA by RNA dot blot and methylene blue staining. These values are shown as mean ± SEM of at least three 
biological replicates. The statistical significance of the differences was assessed using the unpaired Student’s t-test (* P < 0.05; **P < 0.01; ***P < 0.001)
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(Fig. 6C, D). The protein expression of adipogenic-related 
genes C/EBPβ and PPARγ were significantly increased 
in CTNNB1-overexpression cells (Fig.  6E), whereas 
knockdown of CTNNB1 resulted in a significant decline 
(Fig.  6F). Oil red O staining results showed that more 
lipids were formed when CTNNB1 overexpression, 
whereas knockdown of CTNNB1 dramatically attenuated 
the lipid accumulation (Fig. 6G, H).

Discussion
In today’s intensive meat production, increased broiler 
growth rates are often accompanied by increased fat 
deposition [32]. Excessive fat deposition is energetically 
wasteful and severely affects poultry carcass quality and 
feed conversion efficiency [33]. The expansion of adipose 
tissue was mediated by multiple level regulators, includ-
ing transcription factors, hormones, dietary factors, and 
epigenetic modifications [32].  m6A is the most common 
internal modification of eukaryotic RNA and has been 
reported to play a critical role in the adipogenesis process 
in pigs and rodents [13, 34]. To examine the relationship 

between  m6A methylation levels and lipid deposition 
in chicken preadipocytes. Our study treated chicken 
preadipocytes with exogenous methyl donor betaine and 
methylation inhibitor cycloleucine. Betaine significantly 
enhanced the global  m6A level of chicken preadipocytes 
but at the same time decreased fat deposition, and cyclo-
leucine treatment showed the opposite results, which is 
in agreement with previous reports. In porcine adipo-
cytes, betaine and cycloleucine modulated  m6A levels 
and adipogenesis in a dose-dependent manner [14, 35]. 
Our results found no difference in cell viability at low 
concentrations of the betaine treatment group compared 
with the control group by CCK8 assay; however, flow 
cytometry EdU assay and RT-PCR showed that betaine 
appeared to have the same inhibited effect on cell prolif-
eration as cycloleucine. These results seem inconsistent 
with the changes in  m6A modification levels they cause. 
High concentrations of betaine and cycloleucine also 
showed an inhibitory effect on porcine preadipocytes, 
which they attributed to the toxicity of the drugs [14, 35]. 
However, as a natural methyl donor, betaine is involved 

Fig. 3 FTO promotes the proliferation of chicken preadipocytes. A and B CCK8 assay was used to detect cell proliferation rate with FTO 
overexpression and knockdown in chicken preadipocytes; C and D The relative mRNA expression of proliferation-related genes was detected after 
transfer with FTO overexpression plasmid and FTO siRNA in chicken preadipocytes using RT-PCR; E EdU staining assays for chicken preadipocyte 
transferred with pcDNA3.1-FTO and pcDNA3.1 for 48 h. F Fold change in proliferation rates of FTO overexpression using EdU assay. G EdU staining 
assays for chicken preadipocyte transferred with si-FTO and si-NC. H Fold change in proliferation rates of FTO knockdown using EdU assay. The 
values are shown as mean ± SEM of at least three biological replicates. The statistical significance of the differences was assessed using the unpaired 
Student’s t-test (* P < 0.05; **P < 0.01)
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in multiple epigenetic modifications. Extensive studies 
have evaluated the effects of betaine on broiler growth 
and carcass characteristics through the regulation of 
DNA methylation and histone modifications [36–38]. 
Therefore, three modifications may be jointly involved 
in regulating chicken preadipocyte development, result-
ing in differences in cell viability or gene expression. 

Interestingly, changes in adipogenesis-related gene 
expression and lipid accumulation were consistent with 
changes in  m6A levels in our study. Therefore betaine and 
cycloleucine can be used as exogenous compounds to 
study the regulation of  m6A level on lipid deposition in 
poultry. Furthermore, multiple studies have shown that 
betaine supplementation in the basal diet significantly 

Fig. 4 FTO promotes the adipogenesis of chicken preadipocytes. A and B The relative mRNA and protein levels of differentiation-related genes 
were detected in chicken preadipocytes transfected with overexpression plasmid of FTO using qPCR and western blot; C and D The relative mRNA 
and protein levels of differentiation-related genes were detected in chicken preadipocytes transfected with si-FTO and si-NC using qPCR and 
western blot; E Oil red O staining results and quantification of lipid droplet in chicken preadipocytes after 48 h transfection of FTO overexpression 
plasmid; F Oil red O staining results and quantification of lipid droplet in chicken preadipocytes after 48 h transfection of FTO siRNA. These values 
are shown as mean ± SEM of at least three biological replicates. The statistical significance of the differences was assessed using the unpaired 
Student’s t-test (* P < 0.05; **P < 0.01; ****P < 0.0001)
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Fig. 5 FTO regulate CTNNB1 expression in  m6A depend manner. A The relative mRNA expression of CTNNB1 was detected after FTO overexpression 
or knockdown using qPCR; B The relative protein expression of β-catenin were detected after FTO overexpression or knockdown using western blot; 
C The expression profile of FTO and CTNNB1 during chicken preadipocyte differentiation process; D Prediction of  m6A modification sites in mature 
CTNNB1 mRNA using online tool SRAMP; E Amplification curve and qPCR CT value in CTNNB1 420  m6A site and 414 A site after FTO overexpression; 
F Amplification curve and qPCR CT value in CTNNB1 2816  m6A site and 2810 A site after FTO overexpression; G RIP assays were performed to 
verify the interaction with FTO protein and CTNNB1 mRNA; H MeRIP assays were applied to assess that the  m6A methylation level changes after 
FTO overexpression in chicken preadipocytes; I The RNA stability of CTNNB1 mRNAs was detected by qPCR with FTO-overexpressing in chicken 
preadipocytes after treatment of Act D. These values are shown as mean ± SEM of at least three biological replicates. The statistical significance of 
the differences was assessed using the unpaired Student’s t-test (* P < 0.05; ***P < 0.001; ****P < 0.0001)

Table 1 RNA–Protein interaction prediction (RPISeq)

Interaction probabilities generated by RPISeq range from 0 to 1. In performance evaluation experiments, predictions with probabilities > 0.5 were considered 
“positive," that is, indicating that the corresponding RNA and protein are likely to interact

Protein ID RNA ID Interactive probabilities

Prediction using RF classifier Prediction using SVM classifier

 > NP_001172076.1 alpha-ketoglutarate-
dependent dioxygenase FTO (Gallus 
gallus)

 > NM_205081.3 Gallus gallus catenin 
beta 1 (CTNNB1), mRNA

0.8 0.94
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reduced abdominal adipose deposit and the expression of 
some lipogenic genes in broilers [39, 40], which is con-
sistent with our results in preadipocytes.

Genome-wide association studies and multiple exper-
imental studies have identified FTO as a genetic fac-
tor for obesity [15, 16]. Our previous report found that 
18 single nucleotide polymorphism sites (SNPs) of the 
FTO gene were significantly associated with chicken 
body weight and fatness [18]. In addition, since FTO 
was first reported to have demethylase activity effi-
ciently for RNA  m6A modification in 2011  [22], the 
demethylation function of FTO has been implicated in 

adipocyte development in multiple mammals. However, 
its function and mechanism in chicken adipocytes are 
still unclear. Various FTO transcripts were identified in 
chicken; however, full-length FTO was found to be the 
only transcript in chicken adipose tissue [41]. Our study 
found that the FTO-NTD domain, which catalyzes 
demethylase activity, was present in the FTO full-length 
transcript of chicken and other selected species. The 
full-length transcript of FTO significantly decreased 
the global  m6A level, and our results also found that 
FTO plays a critical role in adipogenesis by promoting 
the proliferation rate and lipid accumulation of chicken 

Fig. 6 CTNNB1 promotes lipid accumulation of chicken preadipocytes. A and B The relative mRNA expression of CTNNB1 was detected by qPCR 
with CTNNB1 overexpressing and knockdown in chicken preadipocytes; C and D The relative protein expression of β-catenin was detected by 
western blot; E and F The relative protein expression of critical differentiation genes was detected with CTNNB1 overexpression and knockdown 
in chicken preadipocytes using western blot; G and H Oil red O staining results and quantification of lipid droplet in chicken preadipocytes after 
48 h transfection of CTNNB1 overexpression plasmid and siRNA. These values are shown as mean ± SEM of at least three biological replicates. The 
statistical significance of the differences was assessed using the unpaired Student’s t-test and one-way analysis of variance (ANOVA), followed by 
Tukey’s multiple comparisons test. (*P < 0.05; **P < 0.01; ****P < 0.0001). Groups marked with the same letter were considered to have no significant 
difference, and those without the same letter were significantly different
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preadipocytes. Similar results were found in mammals. 
Knockdown of FTO inhibited the proliferation and dif-
ferentiation of 3T3-L1 preadipocytes [42]. Overexpres-
sion of FTO in mice could significantly improve body 
weight and fat mass [43]. Betaine and cycloleucine were 
found to inhibit and promote FTO mRNA expression in 
3T3-L1 cells, respectively [44]. The above results indi-
cate that FTO is, to a certain extent, a downstream tar-
get gene of these two chemicals.

The demethylation activity of FTO on downstream 
genes has been reported to be associated with adipo-
genesis. In mouse 3T3-L1 cell line and porcine primary 
adipocytes, FTO directly mediated autophagy related 5 
(Atg5) and Atg7 mRNA expression in an  m6A dependent 
manner, thereby adipogenesis and autophagy [13]. Loss 
of FTO significantly decreased the expression of cyclin 
A2 (CCNA2) and cyclin-dependent kinase 2 (CDK2) 
mRNA by increasing their  m6A levels, thereby delay-
ing cell cycle progression and inhibiting adipogenesis 
in 3T3-L1 cells [24]. Metformin increases  m6A meth-
ylation levels of CCND1 and CDK2 by inhibiting FTO 
expression, thereby inhibiting adipogenesis and com-
bating obesity [25]. In our study, overexpression and 
knockdown of FTO markedly altered the mRNA and 
protein expression levels of CTNNB1 in an  m6A modi-
fication manner. The most commonly implicated Wnt 
pathway is through β-catenin, a classical and critical 
core factor of Wnt signaling [45]. It is well known that 
the Wnt/β-catenin signaling pathway usually maintains 
cell stemness and determines cell fate [46]. In adipose 
tissue, Wnt/β-catenin signaling mainly maintains the 
stemness of preadipocytes and plays an essential role in 
the directed differentiation of mesenchymal stem cells 
(MCE) into adipocytes [47]. Interestingly, most current 
related studies were focused on the early stage of adipo-
genesis, consistently with our findings. The knockdown 
of FTO did not affect adipogenic gene expression after 
adipogenic induction [43].

Multiple previous studies identified Wnt/β-catenin 
signaling as a critical inhibitor of adipocyte differen-
tiation [48, 49]. Interestingly, a recent report found 
that CTNNB1 expression was significantly higher in 
obese mice than in normal-weight mice; and ablation 
of CTNNB1 in mice mature adipocytes reduced mac-
rophage expansion, thereby decreasing inguinal white 
adipose tissue expansion and obesity caused by over-
nutrition [50]. ICP cells used in our study are stromal 
vascular fraction (SVF) cells isolated from chicken 
adipose tissue by immortalization [51]; cell types are 
similar to the mouse mature adipocyte types reported 
above. Moreover, the addition of oleic acid, an essential 
exogenous fatty acid for chicken adipocyte differentia-
tion, appears to mimic the overnutrition conditions in 

mice. In the current study, our results also found that 
CTNNB1 knockdown attenuated lipid accumulation of 
chicken preadipocytes compared to the control group, 
and overexpression of CTNNB1 showed the oppo-
site results. In  vivo and in  vitro experiments in mice 
showed that deletion of CTNNB1 resulted in reduced 
expression of critical de novo lipogenesis genes, includ-
ing SREBF1, ATP citrate lyase, acetyl-CoA carboxylase 
ACC1, fatty acid synthase, and stearoyl-Coenzyme A 
desaturase 1 [47]. The synthesis of fatty acids in poultry 
is mainly in the liver, accounting for about 90%, but the 
adipogenesis ability of adipocytes is weak [4]. Perhaps 
the attenuated expression of lipogenic genes caused by 
CTNNB1 ablation further reduces lipid accumulation 
in chicken preadipocytes. Furthermore, a small-mole-
cule inhibitor, iCRT14, could dose-dependently inhibit 
adipogenesis of human stromovascular cells by selec-
tively attenuating β-catenin transcription activity [52]. 
These may explain that chicken CTNNB1 knockdown 
led to less lipogenesis.

Conclusions
Our findings unraveled that the RNA  m6A methylation 
levels were negatively correlated with adipogenesis in 
chicken preadipocytes, and FTO could promote the pro-
liferation and differentiation capacity of chicken preadi-
pocytes in vitro. Mechanistically, FTO directly targeted 
CTNNB1 transcripts in an  m6A-demethylation manner 
to regulate its mRNA expression, thereby affecting adi-
pogenesis. Our work provides new insights into the crit-
ical roles of  m6A methylation in chicken adipogenesis 
and will facilitate the development of further research.
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